One sentence summary: In this paper a new chromium resistance mobile element, Chr-mob, flanked by XerC/XerD recombination sites highly homologous to those of site-specific recombination system dif/Xer is described and the potential ability of the dif/Xer system to participate in the horizontal transfer of a wide range of accessory genes is demonstrated.
INTRODUCTION
The dif/Xer recombination system is inherent to most species of proteobacteria due to the important role that it plays in the resolution of chromosome and plasmid dimers generated during DNA replication (Carnoy and Roten 2009; Midonet and Barre 2014) . The operation of this system is carried out by the interaction of two related tyrosine recombinase subunits XerC and XerD with a specific chromosomal locus dif, located near the replication termination region, or with related sites present in many plasmids (Carnoy and Roten 2009; Midonet and Barre 2014) . In addition to its role in the resolution of replicon multimers, the dif/Xer recombination system is involved in the processes of integration and excision of exogenous DNA elements, in particular, some temperate phages, as a result of site-specific recombination between the chromosomal and phage dif sites (Das et al. 2013) .
A number of recently published studies revealed a possible involvement of the dif/Xer system also in the mobilization of discrete DNA modules within plasmids or phages. In particular, it has been shown that the beta-lactamase gene bla OXA24 (40) flanked by dif-related sites (pdif) is widely distributed in plasmids of different Acinetobacter spp. (D'Andrea et al. 2009; Merino et al. 2010; Grosso et al. 2012; Povilonis et al. 2013) . In another recent Cr rep: a4 p5rep-f-GGGTTTTGCAGCATCTCAGC a4 p5rep-r-CATGCTTCTGATTATGCTTCTCG chrAB: chr-f-AACTCACCCGATTAGAACAAGT; chr-r-TAGACCCAAGACAGCCCAATG * study, two mobile elements flanked by pdif sites and containing tetracycline resistance and macrolide resistance determinants were detected in a plasmid from a clinical strain of Acinetobacter baumannii (Blackwell and Hall 2017) . Furthermore, the role of the dif/Xer system in the movement of mobile elements is convincingly demonstrated by the discovery of a mobile element with the bla OXA58 and bla ampC beta-lactamase genes inserted into the dif site of an integrated prophage in Proteus mirabilis (Girlich et al. 2017) .
These data indicate the involvement of the XerC/XerD recombination system in the movement of discrete DNA modules containing antibiotic resistance genes in the clinic. However, to our knowledge, its role in the movement of DNA modules flanked by pdif sites in environmental bacteria has not been demonstrated.
In this work, we describe a mobile genetic element containing the chromium resistance genes chrB and chrA surrounded by typical pdif sites isolated from permafrost bacteria. We also demonstrate a wide distribution of this element in plasmids of environmental strains of Acinetobacter spp. and show that pdif sites are present in various Acinetobacter plasmids.
MATERIALS AND METHODS

Bacterial strains and growth conditions
The ancient Acinetobacter lwoffii strains ED23-35, ED9-5a and EK30A used in this work were previously isolated from different permafrost samples (Mindlin et al. 2016) . A rifampicin-resistant mutant of the laboratory strain Acinetobacter baylyi BD413 (BD413 rif; Mindlin et al. 1990 ) was used as a recipient in transformation experiments. Bacteria were grown at 30
• C in Luria-Bertani broth 
Genetic transformation
Spontaneous transformation experiments were performed as described previously with modifications (Mindlin et al. 1990) . Briefly, 50 μl of BD413 rif overnight culture was mixed with 10 μl of plasmid DNA (0.1 μg ml −1 ) isolated from the donor strain and plated on LA. After incubation for 16-18 h, the bacteria were scrapped off the plate, resuspended in 1 ml of saline and suitable dilutions were plated on LA supplemented with K 2 Cr 2 O 7 (0.3 and 0.4 mM) and rifampicin (25 μg ml −1 ). Depending on the donor strain, 10 Cr R Rif R colonies from each transformation were tested for the presence of markers of large plasmids, either resistance to HgCl 2 (5 μg mL −1 ; for transformants of the plasmids pALWED1.3 and pALWED3.5) or resistance to CoCl 2 (0.1 mM; for transformants of the plasmid pALWEK1.5; Table 1 ). In addition, the Cr R Rif R transformants without resistance markers of the large plasmids were checked for presence of the small chrABcontaining plasmids and absence of the large plasmids by PCR with appropriate primers to the rep and chrAB genes (Table 1) . Standard protocols were used for plasmid DNA isolation, gel electrophoresis and PCR (Sambrook and Russell 2001) .
Determination of the minimal inhibitory concentrations for chromium resistance
The level of resistance was determined by the agar dilution method (Mindlin et al. 2016) . The minimal inhibitory concentrations of hexavalent chromium (K 2 Cr 2 O 7 ) for the A. lwoffii strains ED23-35, ED9-5A, EK30A and Cr R Rif R transformants of BD413 rif were determined. The recipient strain BD413 rif was used as a negative control. Bacterial strains were grown in LB broth at 30
• C with shaking for 3 h and diluted 100-fold with fresh broth. 5 μl of the bacterial suspension (about 5 × 10 6 cells per ml) was plated with a bacteriological loop onto LA plates supplemented with K 2 Cr 2 O 7 (0.3, 0.6, 0.9, 1.2, 1.5 and 1.8 mM). The plates were incubated at 30
• C for 24-30 h and visually inspected.
Bioinformatics analysis
For analysis of plasmid genomes, the program UGENE (http://unipro.ru/) was used. Similarity searches were performed using BLAST software (Altschul et al. 1997) . Contigs from the whole-genome shotgun sequences of Acinetobacter strains were attributed to plasmids or their parts if their size was less than 100 kb and if they contained determinants typical for plasmids and/or if they contained no housekeeping genes. Screening of Acinetobacter plasmids for the presence of pdif sites was performed by BLAST software. The C/D (9684-9711 bp) and D/C sites (12 667-12 694 bp) of plasmid pALWED3-5 [KX426230] were used as a reference. Only sites that were at least 50% identical to the reference were taken into account. 
RESULTS
Identification of the mobile genetic element containing the chromium resistance genes chrA and chrB
Whole-genome sequencing of five ancient permafrost strains of Acinetobacter lwoffii resistant to heavy metals revealed that three of them (ED23-35, ED9-5a and EK30A) contained small plasmids of different size harboring the genes chrA and chrB. The plasmids were designated pALWED1.3, pALWED3.5 and pALWEK1.5 (Mindlin et al. 2016) . Comparative analysis of the plasmids revealed that they contain the chromate resistance operon chrAB almost identical for all three plasmids (>99% identity at the nucleotide sequence level; Fig. 1A ). In addition to the chrA and chrB genes, in all three plasmids we detected an adjacent ORF (orfN), presumably encoding a membrane protein. Except for the chromate operons, the plasmids differed by their length and composition (Fig. 1A) . The presence of almost identical structures in otherwise different plasmids suggested that this may be a mobile genetic element inserted into these plasmids into different regions of their genome.
To test this assumption, we analyzed sequences flanking the putative mobile element. In all three plasmids we found imperfect inverted repeats on the flanks of this element, separated by 110 bp from the gene chrA and by 33 bp from orfN.
Analysis of the structure of these repeats showed that they contain 28 bp sequences characteristic for XerC/XerD recombination sites (dif sites), essential components of the dif/Xer sitespecific recombination system (Carnoy and Roten 2009; Das et al. 2013) . We therefore hypothesized that the chromate resistance genes together with the adjacent orfN, flanked by two inversely oriented pdif (XerC-XerD) sites, constitute a 3011 kb mobile element designated the chrAB dif module. To test this assumption, we studied the abundance of the chrAB dif module among Acinetobacter plasmids.
Distribution of chrAB dif module among Acinetobacter spp. plasmids
Search for the sequences similar to the chrAB module was performed in public databases (nucleotide collection and whole-genome shotgun contigs) using the following strict criteria: (i) the length of the element should be 3011 bp; (ii) the similarity level for nucleotide sequences should be at least 98% (99% for chrA); (iii) the similarity between plasmids/contigs containing a putative mobile element must be strictly limited to the area occupied by chrAB dif module. Table 2 presents 16 detected variants of the chrAB dif module (including three initially discovered by us) that meet all three criteria. Of the 13 additional elements, two were revealed in fully sequenced plasmids pM131-6 from Acinetobacter sp. M131 and p5AsACE from A. shindleri ACE. The others originated from unassembled genomic sequences of various Acinetobacter species, in most cases small-size contigs (7846-24 548 bp), some of which also contained genes typical for plasmids. In particular, we detected genes rep and mob in contig˙28 from Acinetobacter indicus KM7 and a gene encoding for DNA-binding protein in contig NODE 2 from Acinetobacter baumannii TG02011 (Table 2) . It should be noted that only two of detected strains, A. baumannii TG02011 and A. baumannii 573719, can be reliably attributed to clinical strains; the remaining ones belong to other species and most were isolated from natural sources ( Table 2) . At the same time, the chrAB dif module was not found in other clinical strains of A. baumannii, in spite of the fact that more than 2400 genomes of this species have been sequenced to date (Land et al. 2015 ; see also the NCBI source www.ncbi/genome/Acinetobacter baumannii).
Thus, unlike the clinical Acinetobacter strains, the presence of the chrAB dif module in environmental strains of this genus may provide them with certain selective advantages.
To obtain additional evidence in support of the chrAB dif mobilization by the XerC/XerD system, we analyzed the recombination sites found in different variants of this element (Fig. 1B) . The structure of the XerC/XerD recombination sites fully corresponded to their previously described features (Yen et al. 2002; Carnoy and Roten 2009 ): (i) the 11-bp XerC and XerD subsites are separated from each other by 6 bp; (ii) the central part is most variable; (iii) a small number of nucleotide substitutions are mainly located at the outer ends of XerC sites (nucleotides 1-4 and 28 in the left and right sites, respectively). Importantly, the XerC/XerD recombination sites from most (15 out of 16) Chr-mob element variants differ among themselves by at least one nucleotide substitution.
Functional activity of the chrAB dif module
To reveal whether the chrAB module might have adaptive properties, thus explaining its distribution among environmental Acinetobacter species, we determined the functional activity of the chromium resistance genes. The original strains of A. lwoffii were not suitable for determination of chromium resistance levels, since each of them contained several plasmids of different sizes, including very large ones bearing multiple resistance genes (Table 1 ). In particular, the large plasmid found in the strain ED23-35 contained a second chromium resistance operon different from the operon of the small plasmid, along with mercury and cobalt resistance genes (Mindlin et al. 2016) . The large plasmids of the two other strains also contained genes encoding resistance to various heavy metals.
To separate the chromium resistance plasmid from the other plasmids present in the same cell, we used the method of genetic transformation. The recipient used was Acinetobacter baylyi strain BD413 rif characterized by the ability of spontaneous transformation and absence of own plasmids (Juni 1978) . We performed the transfer of chromium resistance plasmids to the BD413 rif strain and then selected among the Cr R Rif R transformants the clones carrying small plasmids with the chrAB module but lacking large plasmids (see Material and Methods). The level of chromium resistance was then determined in five replicate experiments. As shown in Table 3 , the resistance of the recipient strain BD413 rif to hexavalent chromium was increased significantly in the presence of any of the small plasmids. Thus, the chromium resistance operons are expressed and functional in the A. baylyi strain.
Additional dif modules in plasmids pALWED1.3 and pALWED3.5
In addition to the chrAB dif module, we identified two more potential dif-containing modules in plasmids pALWED1.3 and pALWED3.5. In plasmid pALWED1.3, it is a module containing the gene kup and an ORF of unknown function (210 bp) surrounded by inversely oriented pdif sites (Fig. 1A) . The kup gene (1878 bp) is one of the known genes encoding K + uptake system to control the cytoplasmic K + levels (Zakharyan and Trchounian, 2001 ). The kup dif module (2549 bp in total) is separated from the chromium-resistance module by two ORFs with unknown functions. The second module that was revealed in plasmid pALWED3.5 also contains inversely oriented pdif sites surrounding two ORFs: (i) the gene sulP encoding sulfate permease (484 aa) belonging to the SulP family of proteins that perform transport of inorganic anions into cells (Price et al. 2004) , and (ii) a small ORF (198 bp) of unknown function (Fig. 1A) . It should be mentioned that the SulP family is a large and ubiquitous family of proteins present in archaea, bacteria, fungi, plants and animals (Alper and Sharma, 2013) . The sulP dif module is located at considerable distance from the chrAB module and has a length of 2159 bp.
Interestingly, while the pALWED1.3 plasmid contains two pairs of pdif sites, one pair for each module, the total number of pdif sites in this plasmid is five, with one additional pdif site. One extra pdif site was also identified in pALWED3.5 (Fig. 1A) . Similarly, 'extra' pdif sites were described in many Acinetobacter plasmids (Merino et al. 2010; Blackwell and Hall 2017) .
It should be mentioned that we also revealed kup and sulP modules in other Acinetobacter plasmids that suggests their mobility. How widely they are distributed in the Acinetobacter genus plasmids will be elucidated in further studies.
DISCUSSION
Microorganisms have developed a variety of effective systems that counteract the toxic effect of hexavalent chromium (Cervantes et al. 1990; Nies, Nies and Silver 1990; Ramirez-Diaz et al. 2008; Viti et al. 2014) . Among the found resistance determinants, chromate resistance operons containing chrA, chrB and chrC genes are among the most common. Of these, chrA encodes a chromate efflux protein and chrB functions as a chromiumsensitive regulator of the chr operon. To our knowledge, only four chromate resistance transposons have been described to date. Among them, Tn5719 containing chrA, chrB and chrC genes was found on a plasmid from an uncultivated bacterium (Tauch et al. 2003) . The other three, found in different species of Gramnegative bacteria (Ochrobactrum tritici 5bv11, Comamonas testosteroni and Pseudomonas sp Tik3) belong to the Tn3 subgroup of transposons and are very closely related, suggesting their horizontal transfer (Branco et al. 2008; Petrova, Gorlenko and Mindlin 2011) .
In this work, we found a chromium resistance determinant lacking transposition genes but containing inversely oriented XerC/XerD binding sites (pdif sites) on its flanks. The detected genetic element resembles the previously described dif modules containing antibiotic resistance genes and distributed in plasmids of Acinetobacter species (Merino et al. 2010; Povilonis et al. 2013; Blackwell and Hall 2017) . In particular, it contains three ORFs, is surrounded by typical pdif sites and is located on plasmids. Similarly to the modules with resistance genes, the chrAB dif module likely has a pronounced mobility, since almost identical copies of it were found in different contexts in many plasmids (contigs) belonging to various species of Acinetobacter.
Interestingly, while the chrAB dif module is found in plasmids from various environmental Acinetobacter species, it has not been identified in Acinetobacter baumannii plasmids, despite the fact that about 200 of them were sequenced to date (www.ncbi/genome/Acinetobacter baumannii). Moreover, among the contigs of fully sequenced A. baumannii genomes (>2400), only two contained full copies of the chrAB dif module, and two more (LLZE01000033.1 and DGJK01000078.1) contained its copies with deletions. It can therefore be assumed that the presence of the chrAB dif module does not provide a selective advantage to the A. baumannii host strains. In contrast, dif modules with antibiotic resistance genes were found only in plasmids of Acinetobacter strains isolated in the clinic, mostly A. baumannii, which correlates with the higher frequency of its participation in hospital infections in comparison with other species (Merino et al. 2010; Povilonis et al. 2013; Blackwell and Hall 2017) .
It should be noted that in addition to the chrAB dif module, we found two more potential dif modules, kup dif and sulP dif, on the same plasmids. Thus, it may be concluded that (i) the dif modules are widely spread in the Acinetobacter plasmids; (ii) the dif modules can contain both antibiotic resistance genes and genes encoding other adaptive functions. The presence of pdif sites on the flanks of the dif modules suggests the involvement of the site-specific recombination system XerC/XerD in the process of their mobilization, but the exact mechanism of this phenomenon remains to be investigated.
